The purpose of this study was to determine the influence of radial motion of an arterial wall on the shear stress that flowing blood imposes on the wall (wall shear stress). Wall shear stress is known to influence endothelial cell function and may play a role in atherogenesis, but its magnitude and distribution in the circulation are not well understood. To simulate arterial wall motion, we used both straight and curved rubber tubing models in a mock circulatory system incorporating a variable impedance element distal to the model aorta. Wall shear rate was measured with a hot-film anemometer probe mounted flush on the tubing wall and free to move with the wall. Wall shear stress was determined as the product of wall shear rate and viscosity.
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By changing the distal impedance element, we determined the influence of the (temporal) phase angle between pressure and flow, or equivalently, tube diameter and flow, on wall shear stress. We observed a fivefold increase in peak wall shear stress and the onset of intense wall shear stress reversal in sinusoidal flows as the phase angle between pressure and flow was reduced from -60°to -80°. Wall shear stresses were insensitive to this same phase angle when its value was between -10°and -60°. Theoretical predictions, also presented here, are in accord with these observations. The phenomena we have observed in elastic tubes may be important in the arterial system because the phase angle between the first harmonic of pressure D etails of circulatory system fluid mechanics are often investigated in vitro in models having rigid walls. However, the diameter of large arteries can vary by ±5% over the cardiac cycle in physiological flows,' and it is important to consider the effect of radial wall pulsation (elasticity) on hemodynamic phenomena. Traditionally, studies of elastic vessels have been concerned with the propagation of pressure and flow pulses in the cardiovascular system.1-3 In this work, we focus on the shear stress of flowing blood on the artery wall (wall shear stress [WSS] , defined in Equation 4) as it is influenced by wall motion.
WSS is known to have a significant influence on the integrity of blood components,4 the coagulation of blood and formation of thrombi,5 the production of biochemicals by endothelial cells,6,7 the permeability of arterial walls to macromolecules,8'9 the resistance of artery walls to transmural water flux,10 and the regulation of arterial internal diameter." In addition, WSS is thought by many to be the principal fluid mechanical mediator of atherosclerosis. Various theories have been proposed as to how WSS, be it high,'2"13 low,'4 or oscillatory,15 can lead to alteration of arterial wall function. Fairly recent reviews of these theories are available.16"7 The present research is not concerned with possible alterations in arterial wall structure or function by WSS, but rather with determining WSS magnitude and oscillation and how they are influenced by wall movement. The effect of wall motion on WSS is not well understood at present and needs to be explored further before conclusions are drawn regarding the role of fluid mechanics in atherosclerosis and vascular homeostasis.
In the present work, an experimental investigation is undertaken in which axial WSS in curved and straight elastic tube models is measured for sinusoidal flows in which unsteady pressure produces movement of the tubing walls. Oscillatory flow in a rigid straight tube is well understood, having been introduced in the physiological flow literature by Womers-ley.18 Also, considerable progress has been made in understanding the oscillatory flow field in rigid curved tubes, and Chang and Tarbell19 and Berger et a120 provided recent reviews of this work. However, little is known about the effect of wall motion in similar elastic models.
A theoretical investigation of unconstrained, thinwalled elastic tubes by Womersley3 predicted that the flow rate might be 10% greater in an elastic tube than in a rigid one experiencing the same pressure gradient characteristic of a femoral artery. However, this theory predicted large longitudinal velocity of the tube wall, a phenomenon not observed in arteries. This inadequacy was rectified in a subsequent paper by Womersley21 in which he analyzed a constrained elastic tube. He found that for a stiff longitudinal constraint, the fluid's axial velocity profile, given in terms of the pressure gradient, was of the same form as for a rigid tube. However, this model produced a phase lead of flow over pressure by a maximum of 450 at low frequency. This result deviates markedly from observations of pressure and flow in the aorta, particularly at higher frequencies (above 3 Hz), when aortic pressure leads flow.1,2 Womersley recognized that a proper accounting of the influence of reflected waves was required to achieve an adequate model for the circulatory system, and he initiated work treating simple wave reflection phenomena in a subsequent paper,22 which unfortunately, turned out to be his last. In the present paper, we will describe experiments in elastic tubes in which wave reflection is used to alter phase relations among pressure, flow, diameter, and WSS. As we shall see, WSS is, under certain conditions, extremely sensitive to phase relations.
The influence of wall motion on flow in branched and curved tubes has been the subject of a few studies. Liepsch and Moravec23 measured axial velocity profiles by laser Doppler anemometry in pulsating flow through rigid and geometrically similar elastic models of a 350 bifurcation and found nearly identical velocity profiles during flow acceleration, but during flow deceleration, velocity profiles were significantly different. Phase relations were not investigated in their study, and WSS was not estimated. Mark et a124 estimated WSS in a compliant cast of the aortic bifurcation and found 25% elevation of maximum WSS in the compliant cast relative to a rigid cast. They did not discuss phase relations. Chang25 simulated elastic curved tube flows numerically and found relatively minor effects of wall motion on WSS distribution for ±5% diameter variations when flow and diameter oscillations were in phase. Chang25 carried out an experiment in which he measured flow rate and pressure drop in elastic curved and straight tube models under aortic flow conditions and found that the impedance (pressure gradient/flow) modulus matched fairly well with rigid tube theory when flow and diameter waveforms were in phase. However, when the diameter led the flow significantly (up to 600), there was a substantial increase in the impedance modulus.
Regions of curvature in the circulatory system produce complex flow fields, potentially involving areas of high, low, and oscillating WSS.26,27 However, exact magnitudes and distributions of WSS in curved regions are greatly influenced by various flow, geometric, and material parameters. Two important parameters used to characterize flow in a curved vessel are the aspect ratio A=R/a (1) where R is the radius of curvature and a is the tube radius, and the Dean number 2a(V) Dn=Re/\A-vVW (2) where Re is the Reynolds number, (V) is the crosssectional average velocity, and v is the kinematic viscosity. The aspect ratio is a measure of the sharpness of the curvature, whereas the Dean number is a modified Reynolds number indicating the relative importance of centrifugal forces to viscous forces. In addition, oscillatory flows are characterized by the unsteadiness (Womersley) parameter a =a V _W/V (3) where to is the radian frequency. Generally, large A and small Dn lead to weak secondary flows, whereas pulsatile flow (large a) with small A and large Dn create very complex, time-varying velocity patterns with significant secondary and reversed flow areas. 19 Flush-mounted hot-film anemometry is used in the present study to measure WSS. Most previous WSS investigations with flush-mounted hot-film probes have been limited to rigid models.27-29 Miller and Hollis30 and Ling et a13' used flush-mounted hot-film probes on elastic arteries in vivo (dogs); however, the probes in these experiments were supported by rigid cuffs that eliminated wall motion at the site of measurements. The experiments we have performed are unique because the hot-film sensor was fixed on the tube wall and was free to move with the wall.
To allow a comparison with rigid tube behavior, the parameters chosen for our experiments are similar to those defined in the rigid curved tube computer simulations of Chang (4) drr= where g is the fluid viscosity, dV/drj r=a is the wall shear rate (WSR), V is the axial velocity, r is the radial coordinate, and a is the tube radius. WSRs were measured with a hot-film anemometer probe (model 1268w, Thermal Systems Inc., St. Paul, Minnesota) that was mounted flush onto the wall of the latex tubing at a distance of 236 cm from the proximal end. The probe consisted of a small cylindrical quartz rod (1.5 -mm diameterx 6.3 -mm length) with a platinum film (0.2-mm width x 1.5 -mm length) deposited on one end that served as one arm of a Wheatstone bridge circuit and was heated above the bulk fluid temperature by passing a current through the circuit. The circuit maintained the film at a constant temperature and therefore the film current (or bridge voltage) was a function of the heat lost to the surrounding fluid, which in turn was a function of WSR. The basic operating equation for flush-mounted hot-film probes is given by28 Vb2=A+B(WSR)1/3 (5) where Vb is the anemometer bridge voltage and A and B are parameters determined through a calibration.
To mount the probe on the tube wall, a small hole (1.5-mm diameter) was cut into the tubing; the probe tip was butted up against a flat stop that was placed on the inside of the tubing, and then the probe was glued (silicone sealant) into this position, which ensured that the probe tip was flush with the surface of the inner wall of the tubing. The small size of the probe minimized its interference with the movement of the flexible tubing walls. Before WSRs could be determined through measurements of anemometer bridge voltage, it was necessary to calibrate the hot-film probe (determine A and B in Equation 5 ). This was accomplished by laying the elastic tubing out in a straight configuration (Figure la) so that fully developed straight tube flow (Poiseuille flow) could be established at the probe location. This straight calibration arrangement was also used for straight tube oscillatory flow experiments. For Poiseuille flow conditions, WSR is theoretically calculated by WSR=4Q/wfa3 (6) where Q is the flow rate. During calibration, the flow rate, tube radius, and anemometer voltage were measured; the shear rate was calculated from Equation 6; and the constants A and B were determined through a linear regression of Vb2 versus (WSR)"'3.
The hot-film probe was calibrated in steady flow both initially and at the completion of a day's experiments. It was important to maintain a constant fluid temperature throughout the experiments to ensure a constant film resistance and to obtain linear, reproducible calibrations. For these experiments, the regression correlation coefficient for the combined (initial plus final) calibration data was always above 0.966.
Nandy and Tarbell28 showed that Equation 6 , with the constants determined in steady flow, could be used to measure WSR magnitude quite accurately (14% mean relative error at peak systole) in physiological pulsatile flows, but they did not report Harvard Apparatus, South Natick, Massachusetts) was used to superimpose a sinusoidal pulse on the steady flow. Also, to ensure a constant hot-film probe resistance, a circulator/controller (model 1252-00, Cole-Parmer) and a small copper cooling coil maintained a constant fluid temperature (±0.10 C), which was typically 10 C above ambient temperature. A variable flow resistor was placed in the flow loop shortly beyond the end of the elastic tubing section and was used to adjust the diameter variation (DV= [Dmax-Dmin]l/Dmean) between 2% (minimum flow resistance) and 16% (maximum flow resistance).
In pulsatile flow experiments, a linear variable displacement transducer (LVDT) (model 100MHR, Schaevitz, Pennsauken, New Jersey) continuously measured the diameter of the elastic tubing.
Step response tests of this transducer displayed first-order behavior with a time constant no larger than 0.05 msec and thus negligible phase lag. For tube diameter measurements, a lightweight LVDT core was attached to the tubing wall so that it moved freely into a stationary LVDT body. This apparatus is detailed in Figure 3 . An anemometer bridge (IFA 100, Thermal Systems) operated the hot-film probe in the constant temperature mode. The anemometer overheat (percent of operating resistance above the cold probe film resistance) was typically set at 6%. The flowmeter, LVDT, and anemometer output signals were all processed through a spectrum analyzer ( (Figure 1) . The direct measurement of flow at that position could not be accomplished by rigid electromagnetic flowmeter probes without altering the wall motion and introducing wave reflection at the site of measurement. To deal with this problem, we measured the flow with rigid probes at both the proximal and distal ends of the elastic tube (0 and 267 cm, respectively) and used Taylor's theory33 to calculate the flow at 236 cm.
Taylor33 used the telegraph line model below to describe oscillatory flow and pressure pulse propagation in elastic arteries:
-aQ(X,t) aP(x,t) aA(x,t) =c =- (7 dx at at -aP(xt t)
aQ(x,t) We treat Equations 7-9 as a three-parameter model:
R' = (Zo -Zt)/(ZO + Zt) reflection coefficient (o=wL/c modified wave speed constant 6=tan-1 (Rj/wL,) viscous/inertial ratio where c is the wave speed, Z0 is the characteristic impedance of the tube, and cw is the angular frequency. As described in detail in the "Appendix," the three parameters were determined by fitting the model to three experimental measurements: the phase angle and amplitude ratio between the upstream (x=O) and downstream (x=L=267 cm) flowmeters, and the amplitude of the diameter variation at x=236 cm. The validity of the model and estimated parameters was checked by comparing predictions and measurements of the phase angle between the upstream flowmeter and the diameter variation at x=236 cm. The comparisons were favorable, and the model has been used to predict QM (flow amplitude at the measuring point, x=236 cm, normalized by the mean flow rate).
The calculated QM is plotted against the measured DV (diameter variation normalized by the mean diameter) in Figure 5 . The data are well correlated by the following straight line: QM=0.088DV+0.118 (10) which very nearly intersects the origin as required physically. Because of the excellent correlation in Figure 5 , we have used measurements of DV to Figure 6 ) and between -55°and +85°for the inner wall ( Figure 7) . However Figure 8 ). Figure 9b shows an example of these waveforms when WSR-DV is in the sensitive region, about 850 in Figure 8 . Notice in Figure 9b We have performed this theoretical calculation for all of the straight tube experiments in which two flowmeters were incorporated. Comparisons between the experimental data and theoretical predictions for Zp and Zrp are provided in Figures 11 and 12 P-Q (degrees) FIGURE 13. Normalized peak wall shear rate (Zp) vs. the computed phase angle between pressure and flow (P-Q). 0, Outside wall of curved tube; *, inside wall of curved tube; n, straight tube.
range manifest in large human vessels? We cannot give a direct answer because the phase angle between wall shear and diameter variation has never been measured in vivo. However, using the telegraph line model (Equations 7-9), we have been able to compute the phase angle between pressure and flow (P-Q) at the site of wall shear measurement, and of course P-Q is a quantity that is well known in the circulation from impedance measurements.
In Figure pressure and flow (P-Q) at x/L=0.9 (a=14).
phase angle variation over a broad range (-60°<P-Q< + 100) but are extremely sensitive to phase angle in a narrow range (P-Q< -600). Now we may ask the question: Can P-Q< -60°be observed in the large vessels? The answer would appear to be yes. Impedance data measured in the aorta and larger arteries of both humans and dogs",2 typically display a minimum P-Q phase angle at the first harmonic in the range of -40°to -80°. Thus, the sensitive P-Q range of our experiments may be realized in the cardiovascular system, and the phenomena that we have observed may be relevant to physiological flow states.
The physical model of the circulatory system that we have used in this study consists of a flow source, a length of flexible tubing, and a terminal impedance. This simple telegraph line model has been utilized for many years to describe wave propagation in the circulation with estimates of the effective length (L) ranging from a few millimeters to several meters. 35 It is well recognized in the literature that the effective length is a parameter of the model that can be adjusted to fit the model to experimental data (e.g., input impedance data) and that it does not correspond to the actual distance to a major reflection site.35 In our experiment, the fundamental frequency and wave speed of the oscillations were in the normal physiological range, whereas the effective length was 267-307 cm, and the measurements were made at a fixed axial position (x/L-0.9).
To examine the potential effects of variations in L (Figure 15 ), whereas the higher harmonics will be very sensitive to the phase angle both far from and near to the source. This latter phenomenon is amplified as the tube approaches a resonant state (WL/c=in).
A further suggestion of the possible importance of phase angle variations to physiological flow can be found in the input impedance data for both normal and hypertensive humans reported by several investigators.36-39 It is generally observed that the modulus of the input impedance of the first several harmonics (typically four) is, as expected, elevated substantially in hypertensive patients compared with normals. It is also found that the P-Q phase angle of the first several harmonics is reduced (more negative) in the hypertensives compared with the normals. These physiological impedance alterations associated with hypertension are similar to the impedance alterations we have induced in our elastic tube model by increasing the distal flow resistor (increasing wave reflection). It is worth noting in this context that alterations in the aortic impedance phase angle in hypertension have been attributed to increased wave reflection.37 It remains to be seen if significant alterations in wall shear stress characteristics are associated with hypertension.
It is also well known that vasoactive drugs can alter vascular impedance significantly. For example, O'Rourke and Taylor,40'41 in studies of dog femoral arteries, showed that the vasoconstrictor norepinephrine reduced the minimum P-Q phase angle by about 300, whereas the vasodilator acetylcholine chloride increased the minimum phase angle by a similar amount. In related measurements at the root of the aorta in hypertensive humans, Pepine et a142 observed that the vasodilator sodium nitroprusside increased the minimum P-Q phase angle by 150. Again, we do not know from direct measurements whether wall shear phenomena in vivo are altered significantly by vasoactive agents, but our results in a rubber tube suggest that they would be.
In fact, there is some evidence of significant local flow alteration associated with vasoactive substances. Caro et a143 administered a nitrate systemically to human subjects and measured velocity changes in femoral arteries by Doppler ultrasound techniques. They observed a doubling of the pulsatility index ([max-min]/mean) of the flow waveform caused by the drug. However, they were unable to estimate wall shear rate accurately from ultrasound measurements. In a related study, Caro et al44 demonstrated that cigarette smoking leads to an acute reduction of the pulsatility index of the flow waveform in the femoral artery.
In brief summary, our study shows that the phase angle relations among wall shear rate, diameter variation, pressure, and flow can have a profound influence on wall shear phenomena. We have observed peak wall shear rate elevation by as much as a factor of five and the onset on strong wall shear reversal associated with a change in P-Q phase angle of only 200. Alterations in phase angle of this magnitude and in the sensitive range are associated with hypertension and may be induced by vasoactive agents. The obvious implication is that cardiovascular disease and vasoactive drugs can have a significant influence on physiological wall shear stress levels. This hypothesis needs to be investigated in future work. 
